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NASA TT F-9575 

RGCENT ADVANCES IN CERAMIC MATERIALS 
APPLICABLE IN SPACE TGCHNOLOGY 

J . s c w t t *  

Various composite materials f o r  use i n  space technology are 

reviewed, including sandwich constructions, composite ceramic 

foams, formed and unformed ceramic glazings, with and without 

thermoplastic and thermosetting resin binders, with and with- 

out lightening agents, whisker reinforcements, etc.  

a t  Thomson-Houston on increasing the effect ive protection 

Work done 

period of ceramics f o r  re-entry cones, leading edges of ail- 

erons, l inings f o r  duct throats, etc.  showed t h a t  the addi- 

t i o n  of organic o r  mineral pellets,  silica fibers, and endo- 

thermal materials resulted in  an extension of the effect ive 

protection period to 350 sec a t  a surface heat of 25od)C and 

a cold zone of about 2OC?C. Further increase i n  t h i s  period 

is  expected by combination o f  various heat barriers and addi- 

t i o n  of endothem1 materials superior t o  N b C 1 .  c i i i h  
INTRODUCTION 

For applications i n  space structures where the  following properties are 

required: high melting point, extreme hardness, good t h e m 1  insulation, and 

chemical i ne r t i a  a t  elevated temperatures, it appears that ceramic materials arc 

the most s a t i s f a c t o q .  Because of t h e i r  i n t r i n s i c  properties, ceramic m t e r i a k  

* Engineer a t  the  French Subsidiary of Thomson-Houston. 

+t-x Numbers i n  t h e  margin indicate pagination in the  or ig ina l  foreign tex t .  ~. 
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materials by some and systematically rejected by others. The term "ceramicfl 

primarily includes objects shaped from oxides ( s i l i ca t e s ,  argils,  etc.) and thc 

any compound with ionic bonds, predominantly characterized by great f r a g i l i t y ,  

absence of duc t i l i t y ,  and high resistance t o  ordinary temperature. 

paper, we will only  consider materials having a fusion point above 2000°C. 

addition, we w i l l  discuss only s i l i c a  f ibers  despite t h e i r  l o w  melting point, 

because of t h e i r  interest ing mechanical properties and t h e  f a c i l i t y  of t h e i r  

industrial-scale manufacture. Graphite, m e t a l s ,  and t h e i r  alloys (even inter-  

metall ic compounds) will be excluded. 

In t h i s  

In  

The first part of the paper gives a brief review of the physico-chemical 

properties of the min ceramic types that might be useful i n  space technology. 

$he second part describes the  various classes of products and t h e i r  f i e l d s  of 1 

application, while the t h i r d  part  i s  devoted t o  composite ceramic materials and 

t o  our experimental contribution i n  t h i s  par t icu lar  f i e ld .  

I. PHYSICO-C-CAL PROF'ERTIES 

The ceramic materials of in te res t  here a r e  compounds of the following 

metalloids: oxygen, boron, carbon, nitrogen, s i l i con  with t h e  t r ans i t i on  m e t a l s  

and t h e  elements of Group I V  B. 

high l a t t i c e  energy, which is responsible f o r  t h e i r  properties. The interatomii 

bond is  primarily ionic and four  property classes are different ia ted f o r  these 1 

These materials a r e  characterized by a very 
I 

I 

materials : ! 

1) Thermal; 

2) Mechanical; 

3) Elec t r ica l ;  

2 



For these four  classes, the t h e m 1  fac to r  i s  the one t h a t  influences these 

properties and gives them t h e i r  specific in te res t .  Finally, f r o m  t h e  s t ruc tura l  

viewpoint, these solids always a re  encountered i n  the form of compact stacks o r  
I 

piles.  W e  w i l l  successively investigate these four  property classes f o r  a 1 

I 
c e r ta in  number of ceramic materials; t h i s  par t icular  list is not r e s t r i c t ive  a? 

concerns only  compounds of technical as w e l l  as of economical in te res t .  

1.1 Thermal Properties 

The thermal constants of several ceramic types are compiled i n  Table I. 

These values concern only dense single-phase and well-defined materials. For a 
, 

given developent ,  it is possible t o  mdify cer ta in  properties such as the h e a t  

conductivity o r  the density. 

part of t h i s  paper. 

and density values of these bodies. 

1 
These fac ts  will be discussed fu r the r  i n  the sew# 

~~ 

The Table indicates the  wide range of the heat conductivity 

1.2 Mechanical Properties 

A t  ord inary temperature, t he  mechanical properties of ceramics are charac- ' 

Nevertheless, 1 t e r ized  by high cohesion, great f r ag i l i t y ,  and exheme hardness. 

t he  in t e re s t  i n  the mechanical pmperties of these materials is  ruled by the 

temperature, f o r  which reason we have entered primarily the cechanothennal  pro^ 

I 

erties i n  Table 11. 

1.2.1 Expa nsion Coefficient 

The mean 

Nevertheless, 

order of magnitude of this value i s  located near 7 x cm/'C 

certain ceramic materials a re ' i n  existence whose coefficient is 

I 

I 
i 

4.2 

cm. 

- 3 
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glass  9 Si%, Ti& . The coefficient is close t o  0.5 x lO-'f'C f o r  aluminum 

titanate. 

T i & ,  are very l i t t l e  refractorg.  

less than t h a t  of metals. 

Unfortunately, a l l  these compounds, with the  exception of A12G 'and 

1 Overall, the  thermal expansion of ceramics i 

1.2.2 Resistance t o  Thermal Shocks 

I 

The concept of thermal shock is di rec t ly  connected with t h e  f r a g i l i t y  of 

ceramic materials. This res is tance can be expressed by a simple relat ion,  as 

1 follows: I 

TK 
CYE 

R =  - 
where 

R = resis tance t o  t h e m 1  shocks (number); 

T = tensile strength; 

K = heat conductivity; 

cy = expansion coefficient;  

B = e l a s t i c i t y  modulus. 

I n  Table 111, the  values of R are given f o r  several ceramics. In general, 
1 

gr ceramic is sens i t ive  t o  temperature f luctuat ions when located i n  the domain 04 
I /  I 

spontaneous f rac ture  Kithout having passed through a p l a s t i c  domain, as a func- \ 
t i o n  of the load applied. 

I 

Conversely, a t  high temperatures, a ceramic is ductize 

8nd i s  only l i t t l e  affected by variations i n  temperature. 

that the  value of R depends on the  mnufacturing method and on the state of 

compactness of the  ceramic (influence on T and K). 

It should be mention& 

6 
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I.2.3 i-iamness 

Hardness i s  a property specific t o  ceramic m t e r i a l s  (except f o r  diamonds) 

which is  due t o  t h e i r  great s t ruc tura l  cohesion. 

I n  Table 11, the  hardness values f o r  several  ceramics a r e  given. No other 

material  reaches similar values, except some intermetal l ic  compounds  which re- 

semble ceramic materials i n  some of t h e i r  mechanical properties. Th i s  charac- " 

t e r i s t i c  pennits t h e i r  use as abrasive materials and i n  any f i e l d  i n  which re- 

s is tance to  abrasion and erosion is required. 

1.2.4 Development of these P rope r t i e s  as a 
Function of Temperature 

Ey measuring the creep at  high temperatures,  the  behavior under load can bt 

For ceramics on a 96% f r i t t e d  dense alumina base, a creep value of 25 

T h i s  property is affe&ed b: 

' measured. 

' is reached only at M O @ C  at a stress of 2 kg/cma. 

t h e  chemical purity of the  material and by the chemical nature of the  environ- 

ment. 

s t rength of zero a t  t h i s  temperature. 

For comparison purposes, even refractory metals have a compressive 

1.3 Elec t r ica l  Properties 

Boron oxides and n i t r ides  have an extremely high e l e c t r i c  r e s i s t i v i ty ,  
' 

close t o  lo" t o  10'" Q/cm. 

carbides are semiconductors o r  have metallic conductivity. 

tioned t h a t  the e l e c t r i c  conductivity is influenced by the  content of impuritiei 

Conversely, inser t ion ceramics such as borides o r  

It should be men- 

and the chemical composition of t h e  gaseous environment. 

The oxides present a high d ie lec t r ic  strength and a loss angle which i s  a 

function of t h e  compacting. Finally, a rise i n  temperature mkes ceramic ma- 

8 
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conductor type. 

l a t ing  character even a t  very high temperatures. 

The only exception i s  boron n i t r ide  which preserves i t s  insu- 

1.4 Chemical Properties 

For possible application i n  astronautics, ceramics have the following threc 

properties : 

Resistance t o  gaseous environment; 

Compatibility with metals; 

Chemical i ne r t i a  . 
1.4.1 Resistance t o  Caseous Environment A 

Thorium, zirconium, and aluminum oxides ( for  example) are the  only com- 

pounds t h a t ,  i n  air ,  are able  t o  res i s t  a temperature above 2oOo0C. Conversely 

the carbides, ni t r ides ,  and borides are ab le  t o  eAst i n  a reducing o r  Carburiz- 

ing atmosphere above 2CX10°C. These latter compounds are thermally mre re- 

fractory than the  oxides. 

produced by sol ids  i n  suspension within combustion gases. 

compilation of the resistance t o  oxidation, as a function of the temperature, 

f o r  various ceramics. 

Their great hardness makes them res i s t an t  to erosion 

Table I V  gives a 

I 
I 

1.4 . 2 Compatibility with Ad.iacent Structures 

Because of the very large f r e e  energy of formation, ceramic m t e r i a l s  can 

be placed next t o  metals without f ea r  of interaction. 

compatibility up t o  as high as possible a temperature, the  ceramic m t e r i a l  musi 

be as compact as possible. Consequently, a ceramic can be used as the core i n  c 

So as t o  nraintain t h i s  
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selves. 

1.4.3 Chemical Ine r t i a  

i The great s t a b i l i t y  of ul t rarefractory ceramic mterials gives them a con- i 
I 1 

I 
Finally, i n  a high vacuum, even ae 

I 
j 

siderable  i n e r t i a  t o  ac id  o r  basic  reagents. 

extreme temperatures, t h e  ceramic materials show no vapor tension (except f o r  

decomposing materials) . I 

, 

11. INVESTIGATICN OF FIELDS CF APPLICATIClsJ FOR CERAMIC 
MATEBIAIS AS A FUNCTIClsJ OF THEIR TREATMF" 

1 
According t o  the  AF'NOR and PRE Standards, ceramic materials are subdivided j 

i 
I into tw classes: 

formed; 1 

unformed 

The f irst  category inc lu ies  a l l  products that have been shaped o r  formed 

before heat treatment, while the  second gmup contains a l l  products that were  

given t h e i r  f i na l  form only  after f i r ing.  

11.1 Formed Ceramics 4 

Only products that may be of we i n  s p c e  technology w i l l  be discussed he . ? 
These formed materials can be wed i n  t he  compact o r  lightened state, depending, 

on the  required missions. 

11.1.1 Compact Products 

These rcaterials have t h e  following properties: thermal  refractor iness ,  

mechanical strength a t  high temperatures, chemical i ne r t i a .  These pmper t ies  

11 
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on a carbon base have the  following advantages, at equivalent refractoriness: 

Greater hardness, result ing i n  increased resistance t o  erosive agents; 

Compatibility with oxidizing o r  corrosive gases (depending on the  se- , 
I 

1 lected tspe). I 

” 1 i Present o r  scheduled applications f o r  these p d u c t s  are as follows: 
I 

1 
I Turbine blades of compact ceramics with a high thermal shock resistance;/ 

Convergent part of ducts. 

Mechanical parts exposed t o  high s t resses  at  elevated tempemtures (also 

a t  ambient temperature) or t o  intense abrasion such as, f o r  example, I 

crossbars, bearings, axles. 3 

! 

I 

I 

I 

Leading edges, subject t o  excessive tempemture rise. 
- 
” 4 The selected ceramics may be e i ther  oxides o r  inser t ion  compounds (carbideq, 

~ 

pi t r ides ,  etc.) Ioanufactured i n  such a manner as t o  eliminate a l l  pomsity. 

After heat treatment, a blank is obtained which, i n  the given case, can be con- 

verted t o  the wanted dimensions. Progress i n  the pst  f e w  years has consisted 

mainly i n  the mnufacture of such ul t rarefractory ceramics, with a high degree 

2 

of compactness, and i n  perfecting the i r  conversion. 

11.1.2 Lightened Products 

’ 1 The purpose f o r  such cel lular  materials i s  the following: thermal (or a lso  

acoustic) insulation, and decrease i n  s t ruc tura l  load. 

tained i n  micro- o r  microcellular form. 

Such products a r e  ob- 

They a r e  being manufactured by three  

d i f fe ren t  processes: combustion of a f ine ly  divided charge a t  the  in t e r io r  of 

the refractory matrix; mixing of a ceramic s l i p  with a foam; f i l l i n g  a p l a s t i c  

r e s in  foam with ceramic powder. The heat treatment is  the  same as f o r  the  com- 

12 



interpore space can be e i t h e r  microcellular o r  dense, depending on the intended 

purpose. Thus, it is possible to obtain ceramics with apparent densi t ies  5 - 1C 
times less than the theore t ica l  value; under these conditions, aluminum oxide 

foams have an apparent density of 0.5 gm/cm3 . 
The applications f o r  cel lular  refractor ies  with communicating voids are 

basical ly  composite rnaterials wi th  resin impregnation (see Part 111). Converse. 

ly, the  materials of the  second type can be used a s  replacement of compact 

ceramics if the load is t o  be reduced. Because of the excellent densification 

of t he  in te rce l lu la r  space, t h e i r  resistance t o  erosion is equivalent to the  

compact products. 

1 

Conclusion 

Because of the considerable progress made i n  the development of shaped 

refractory products, it i s  possible to expect the following performances: 

Light-weight material, great hardness, resistance t o  erosion. 
I 

Thermal insulation o r  good heat conductivity (depending on the  se l ec t io i  

of material) and dimensional s t ab i l i t y ,  even after protracted use under 

extreme conditions. 

Another f a i r l y  important property of  ceramic materials is t h e  low cost of  

r a w  mterials which, in addition, are available on the national scale.  Their 

conversion requires c l a s s i ca l  forms and dies ,  a t  investments t h a t  are not ex- 

cessive. 

11.2 Unformed Ceramics /8 
The products i n  t h i s  category require no shaping equipment and assume the 

I 
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sk.ape of the  object they are i o  Fmteci. Xe w ~ E  siiccessively ~ f i - i i ~ s t ~ ~ t ~  tk;e 

following: 
I 

Enamels. 

Glazings on a binder base. 

Coatings obtained by vacuum deposition o r  by projection. 

- 

11.2.1 Enamels 

To increase the l i f e  of certain elements used i n  aeronautics, t h e i r  walls 

a r e  enameled. A n  enamel is a ceramic substance with preponderant vitreous phase 

and a low fusion point. The function is to provide thermal and chemical protec 

t ion,  f o r  example, for conduits subject t o  corrosion by combustion gases. Un- 
. fortunately, because of t h e i r  low refractoriness, enamels have found only re- 
, ?> 

s t r i c t e d  use i n  s p c e  technology. 

11.2.2 G l a z k s  

Refractory fire clays can be prepared by mixing a cemmic powder wi th  a 

binder. 

giving the  product a cer ta in  cohesion. 

Such a binder produces a chemical o r  hydraulic s e t  a t  room temperature 

F i re  clays of t h i s  type have been used 

as leading edges o r  f o r  interconnecting cer ta in  s t ruc tura l  elements. 

floes not s e e m  widespread i n  space structures. 

Their use 

I 

11.2.3 Refractory Coatings obtained by 

Projection. 

Deposition i n  t h e  gaseous phase. 



To protect s t ruc tura l  elements, refractory powders can be "projected" by , 

means of a n  oxyhydrogen blowpipe o r  a plasma blowtorch. 

passing it through t h e  flame of t h e  blowpipe and is projected, i n  the molten 

ptate ,  onto the  surface t o  be protected. 

ra ther  l o w  density, permitting excellent t h e m 1  insulation. 

simple and permits treatment of p a r t s  of any shape. 

The powder is  melted b$ 
I 

I T h i s  produces a porous coating of a 

4 The work-up is 

1 

i 11.2.3.2 Vapor Deposition 

! 
The most general method for depositing ceramic materials consists i n  de- 

I 

composing a halide i n  the presence of a gaseous metalloid, on a preheated suppol+t. 

T h i s  heated support f o r m  the  focus of decomposition and deposition. This re- I , 

su l t s  i n  a dense coating of wanted thickness, w e l l  adagted t o  the  support.  the- < 

method permits preparing ceramic coatings of no matter w h a t  material, w i t h i n  a 

t e m p e r a t u r e  in te rva l  quite below the  maximum operative temperature. 

I 
~ 

I 

Unfortunate- 

ly ,  t h i s  technique requires rather complex e q u i p n t  and a highly del icate  con- 

vers i o  n. 

I n  fact, aluminum oxide deposition is done by careful  hydrolysis of the  

aluminum chloride. To obtain a homgeneous deposition without porosity, while 

b t i l l  maintaining excellent adherence t o  the support, the  following parameters 

knust be mastered: 

Temperature of the support, partial pressures of t he  various gaseous 

constituents. 

Chemical nature of the transport gas,  kinetics of the reaction. 

For protection i n  oxidizing atmospheres, a deposition of zirconium and 

magnesium oxide is in question ( to  s tab i l ize  the cubic phase). CmversefjF, a 

15 



Unformed ceramic materials, because of t h e i r  d ivers i ty  of work-up, permit 

ti protection f r o m  heat, corrosion, and erosion of par ts  of complicated shape am 

given dimensions. 

ceramic materials used without additions; however, f o r  space missions t h e i r  

performance characterist ics are not sufficient.  

have ra ther  contradictory properties, such as extremely l i gh t  weight, low heat 

conductivity, chemical i ne r t i a  under extreme t h e r m 1  fluxes over long periods oi 

Above, we discussed the various poss ib i l i t i es  of work-up of 

In f a c t ,  the materials must 

time. 

composite ceramic materials. 

To meet these requirements, research and developent  people have develop 

t 

111. COHPOSITE CERAHIC MATERIAIS 

Introduction 

To meet t he  contradictory requirements mde  on mter-kls f o r  s p c e  applica- 

t ion,  solutions t h a t  simultaneously sa t i s fy  these conditions had t o  be d e v e l o p  

These include: extremely extensive thermal fluxes a t  high temperatures; highly 

erosive and corrosive environments; abrupt variations i n  temperature and pres- 

sure. 

f o r  t h e i r  useful l i f e  have changed fmm a f e w  seconds t o  one hour. 

gives a compilation of the  most recent conditions made on materials used as de- 

f l ec to r s  f o r  rocket engines and f o r  re-entry cones. 

I n  addition, because of the new missions of f u t u r e  rockets, s t ipulat ions 

Table V 

The thermal protection m u s t  be eff ic ient  under conditions of t h e  following 

types of heat transfer:  

. 

16 
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be protected). 

b) €@ convection (of turbulent p s  j e t s  issuing from the ducts). 

c) By radiation of so l id s  (including suspensoids i n  the exhaust gases). 

d)  By radiation of gases. 

In  addition, the coating o r  the structural element must be able  t o  resist 

high thermal shocks and stresses of thermal origin. I n  f a c t ,  the  surface tern- 

perature of the  material increases rapidly t o  2500 - 3 o o $ C  while the  i n t e r i o r  

only reaches temperatures of 100 - &C at re la t ive ly  low thickness (a f e w  

centimeters). 
1 

This transient state takes place on combustion cutoff and re-ignition /I& 

during a given mission. In  addition, a s t ruc tu ra l  element m u s t  r e ta in  i t s  stat? 
I 

and shape f o r  the en t i r e  duration of the  mission, which may be as high as 60 6 
( for  e m p l e ,  i n  gliding f l i g h t )  . 
511.1 General Solutions 

The primary m e a n s  f o r  obtaining such t h e m 1  protection i n  space was t he  

use of composite materials: organic resins with a highly ab la t ive  e f fec t ,  rein- 

forced with mineral f i b e r s  (glass o r  silica). 

had a useful l i f e  limited t o  a f e w  seconds and a low resistance t o  erosion; i n  

addition, the resultant layer  of porous carbon showed extremely low cohesion. 

UnfortuMtely, these materials 

I 

The protective character is t ics  to be exhibited by a composite material a r e  

as follows : 

1) High heat absorption, by conversion of the substances with endotherm 

ef fec t  and by l iberat ion of a large volume of gas, so a s  to produce 

1 

sweat cooling on the surface of the material. 

18 



heat t r a p  ; 

insulat ing refractory. 

3 )  Excellent mechanical strength, permitting sa t i s fac tory  behavior under 
I 

thermal shock and under abrasion o r  erosion by t h e  combustion gases. i 1 
a) Absorption of H e a t  by Endothermal and Transpiration Effects  l 

! 

Substances of t h i s  type have t h e  function of heat d i s s i p t i o n ,  spec i f ica l lx  

during the  t ransient  regime. 

coating and play the ro l e  of hea t  barriers. 

thermodynamic t r ans i t i on  (fusion, sublimation, phase change), these substances , 

maintain the  coating a t  the  given temperature, because of t h e  endothermal con- 

comitant effect .  

enthalpies,  of potent ia l  usefulness i n  t h i s  prticular technology. Eiy proper 

se l ec t ion  of endothermal-effect materials, undergoing t r a n s i t i o n  a t  d i f fe ren t  

The m a t e r i a l s  are added t o  t h e  skeleton of the 

During the  entire time of t h e i r  ' 

I 

j 

I 

/'12 

Table V I 1  lists the  substances with the  highest t r ans i t i on  
~ 

temperatures, it is possible t o  obtain a se r i e s  of heat bar r ie rs .  

it w i l l  be necessary t o  incorporate, into t h e  coating matrix, endothermal sub- 

stances that sublime at  t h e  t r a n s i t i o n  point. The l iberated gases w i l l  permit 

I n  addition, 

1 

cooling of t h e  surface by transpiration. 

b) Fina l  Protection by Refractory Coatinm 
1 

I 

As soon as the  t rans ien t  regime has been entered, a f ina l  protection up t o  

t h e  end of the  mission m u s t  be provided. 

refractory materials consti tuting the skeleton of the  composite rnaterial. If 

This can be conveniently obtained by 

t h i s  protection is effected by a heat t r a p ,  t h e  mterialmust have a high heat 

capacity and high thermal conductivity as w e l l  as t he  highest possible fusion , 
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EM, TiN, MgO, T i c .  
I 

Conversely, if the coating is  t o  be of the  insulating type, the material 
~ 

I 
I 

I 

m u s t  have a very high fusion point, a very low thermal conductivity, even a t  

high temperatures, and a good behavior under t h e m 1  shock. 

} 

The best materials,: 
I 
I 

; 
I 

again i n  order, are t h e  following: ThQ, T i c ,  Z r N ,  TiN,  MgO, TaC, BN. 
I 

I 

c) Improvement of Mechanical Properties 

Since the  rechanical strength of ceramic materials i s  insuff ic ient  when 

subjected to  high s t resses  within very short  periods of time, t h i s  strength musl 

be increased by the use of reinforcements. 

f ibers ,  glass o r  graphite f ibers ,  and refractory metals have a high e l a s t i c i t y  

which permits a softening of the composite materials. This whiskers reinforce- 

ment i s  e f f i c i en t  only if it retains its fibrous s t a t e .  The t e n s i l e  strength 

of polycrystalline s i l i c a  fibers is of the  order of 4000 kg/cm2 while t h a t  of 

zirconium is  L!+,OOO kg/cm2 

Fibrous materials such as s i l i c a  

I - ' 

I 

A combination of these three solutions makes it possible t o  obtain composi' 

ceramics which, i n  formed o r  unformed shapes, represent materials of excellent 

perf orrnance . 
11.2 Composite Ceramics L 

Two types of composite ceramics have found application i n  space technology 

composite foams; 

unformed coatings. 

Other arrangements a r e  well possible but the two above r a i n  types have 

e 

given the  mst interest ing results.  
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Such materials are composed of a skeleton shaped as a honeycomb refractory, 

manufactured i n  accordance with t h e  nethod described i n  Chapter 11.1.2. 

machining and putting into final form, this ceramic foam is impregnated with 

organic resins (phenolics, phenylsilanes, polyethylenes, o r  polyamides) . 
ceramic mterial itself must be as light and coherent as possible. Experimental 

results have shown that phenolic and phenylsilane resins  a c t  as s t ruc tura l  rein- 

forcements and as heat barriers.  

honeycomb structure  during polymerization. 

foams are impregnated with a mixture o f  t h e m s e t t i n g  and thermoplastic resins. 

Table V I 1  contains the characterist ics of the principal presently available 

foams . 

After 

The 

Conversely, t h e m p l a s t i c  resins destroy the 

To avoid t h i s  deterioration, the 

Materials of t h i s  type are intended f o r  applications i n  which a long-time 

After ex- thermal protection, at  absolute dimensional s t a b i l i t y ,  is  required. 

t r ac t ion  of the organic resins,  t h e  refractory foam has the  function of an insu- 

l a t o r  whose ablation i s  effected a f te r  i t s  fusion. 

t ion,  refrzctor ies  - 4 t h  - ~ 5 s i x i w  f u s k ~  should be selected. 

with aluminum and zirconium foams, impregnated with epoqphenolic resins, have 

shown that, t o  bring the  cold surface t o  a temperature of 308, t en  minutes were 

required w i t h  the  former and twenty-two minutes with the  la t ter  material. 

thickness of t h e  specimens was 3 cm, while the  apparent density of the aluminum 

foam was 1.05 and that of the  zirconium foam was 1.45 %/m3 

To reduce t h e  r a t e  of abla- 

Ekpriments made 

The 

Applications in question are p r h r i l y  f o r  re-entry cones of manned capsules 

and any other problem requiring an eff ic ient  heat shield f o r  prolonged periods /14 

of time, a t  absolute dimensional s tab i l i ty .  
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organic matrix, loaded with ceramic powders; 

ceramic matrix, loaded with plast ic  r e s in  powders. I 
I 

The first of these glazings has been spec i f ica l ly  investigated by the  
i 

(Xational Aerospace Research and Developent Administration) and is composed o f !  
~ 

a phenolic res in  matrix (or other type), loaded wi th  a mixture of basic o d d e s  

and aluminum (or zirconium) powders. 

After removing the p las t ic  resin by ablation, t h e  boron oxide produces 

f i r s t  a f r i t t i n g ,  followed by a vesiculation under f o m t i o n  of a boro-alumina 1 

glass. 

leaving a ce l lu la r  alumina coating. 

the mission i tself ,  haw given interesting results as heat shields for variaus 

powder rocket engines. 

Finally, by raising the temperature, the boron oxide i s  driven o f f ,  

These coatings, which are formed during 

Glazings of the second type have been experimentally investigated by us 

and will be described i n  the following Chapter. 

111.3 Work a t  Thomson-Houston on Development of a 
High-Performance Composite Ceramic Glazing 

Introduction 

To obtain information of ablative materials as heat  shields  f o r  space 

s t ructures ,  we concentrated our study on composite glazings on a ceramic base. 

So as t o  increase the period of effective protection t o  a maximum, we incorpo- 

I , 

rated a l l  types of heat bar r ie rs  into t h i s  material, including insulation, 

enthalpy of endothermal t ransi t ion,  anisotropic heat conr2uctivity for dissipat-  

ing the calories para l le l  t o  t he  surface t o  be protected. Reinforcement of /15 



i ng  i s  produced by low-density spherules. 

111.3.1 Expe rimental Setup 

111.3.1.1 Preparation 

The specimens f o r  t h i s  study were parallelepipeds of 5 x 10 cm surface and 

about 1 cm thickness. The matrix of o u r  materials was a miltture of aluminum o r  

zirconium oxide bonded with "Astroceram" R cement. This cement keeps i t s  entirc 

mechanical cohesion up t o  s in te r ing  of t h e  oxide powder. 

als are incorporated in to  t h i s  rnatrix: 

The following materi- 

a) Fibrous whiskers (Si&, ZIQ , carbon), 

b) Lightening agents (alumina or polystyrene pe l le t s ) .  

c) Agents of endothermal effect  (see Table V I ) .  

Lightening by means of hollow bubbles yields an  excellent t h e m a l  insula- 

t i o n  a t  very high temperatures. 

preferable t o  incorporate an  en t i r e  range of endothermal agents. 

sheet casting of low thickness permits an or ientat ion of t he  whiskers i n  a plane 

perpendicular t o  the thermal flux. 

To obtain a series of heat barriers, it is 1 

Finally,  a 

111.3.1.2 Expe r h n t s  

The period of ef fec t ive  protection of these inaterials from t h e m 1  flux is 

measured i n  the  following manner: A specimen with the  above dimensions is 

rapidly introduced in to  a plasma flame, t o  within 20 mm from the  core. A con- 

s iderable  thermoelectric current w i l l  osculate i t s  cold wall. 

By defini t ion,  the  l i f e  of t h e  heat shield is determined from the t h e  re- 

quired t o  bring the  cold surface t o  a temperature of 20O0C. This temperature 



permitting sa t i s fac tory  operation of the structure.  Figure 1 shows the investis 

gat ion of a facing specimen. 

111.3.2 Results 

1 111.3.2.1 Influence of the Content i n  Lightening Yaterials 

Elongation of t he  above composite materials is obtained by incorporation 0: 

T h e i r  optimum dia- corundum o r  polystyrene pe l le t s  in to  the refractory matrix. 

meter is located between 0.5 and 1.0 mm, f o r  reasons of cohesion and heat con- 

duct ivi ty .  

f o r  the  organic pellets it i s  about 10 gm. 

The volumetric weight of the ceramic pe l le t s  i s  about 1 kg while 

The resu l t s  plotted i n  Fig.2 r e f e r  

only t o  refractory cements on an  alumina and zirconium base, in to  which these 

pellets are encapsuled i n  various proportions. 

t he  life of the heat shield (see Sect.III.3.1.2), as a function of the pe l l e t  

Figure 2 shows the  var ia t ion  i n  

content, together with t h e  density f o r  t h e  same products. The curves ind ica te  

the  following: 

a)  The period of effective protection depends d i r e c t l y  on the pellet 

concentrations. 

b) This period i s  longer, a t  equal pellet content, f o r  a material with 

a lower heat conductivity (ZrO,) with respect t o  AbO, . 
c) The density decreases w i t h  increasing pe l l e t  concentration. 

1 

I 

So as t o  decrease t h e  density of t he  facing f u r t h e m r e ,  without subs tan t ia l  

loss of cohesion, we investigated mixtures of mineral and organic pellets. These 

results are plotted i n  Fig.3; despite a considerable decrease i n  density with 

increasing content of  organic pel le ts ,  no noticeable lengthening of the heat 

sh ie ld  l i f e  was observed. 
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The addition of silica f ibers  has the  double purpose of increasing the me-, 

I n  t h i s  case, s i l iw 
Figure 4 j 

I 

I 

I 
chanical strength and of  decreasing the heat conductivity. 

whiskers were incorporated in to  the  refractory rnatrix by mastication. 

shows t h e  emlu t ion  of the effect ive protection period as a function of t h e  

f i b e r  concentration. 

i 

The following was observed: 

Approximately linear increase i n  l i f e  of the  heat shield,  as a function 

of t he  f i b e r  concentration. 

Simultaneous decrease i n  density. 

Longer e f fec t ive  protection with a zirconium matrix than w i t h  an  a l d n  

matrix. 

Under these conditions, it was possible t o  obtain a facing with an effect- 

ive l i f e  of 230 sec. By t he  addi t ion o f  pel le ts ,  t h i s  period was brought t o  

350 sec per centimeter of coating. 

111.3.2.3 Influence of Endothermal Substances 

Substances with an endothermal effect ,  studied by us, include ammonium 

chloride and a phenolic res in  which were incorporated in to  refractory matrices 

(aluminum oxide) . 
Figure 5 shows the  evolution of the effect ive protection period as a func- 

This period is longer with ammonium chloride than t i o n  of t h e i r  concentration. 

with phenolic resin.  A good heat barrier is obtained with traces of misture, 

provided t h a t  bursting of the material is avoided. Figure 6 shows an ordinary 

piece of sheet metal of 2 mm thickness, one portion o f  which had been given a 

protective coating while t h e  other  was left uncoated. 
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torch. 

took 22 m i n  t o  produce a hole i n  the protected zone. 

To make a hole i n  the  unprotected zone, 2 min were required while it 

. 111.3.2.4 Conclusion L 

The first experiments on developing a composite ceramic facing showed the  
I 

favorable e f fec t  of additions of organic and mineral pe l l e t s ,  silica f ibe r s ,  

and endothermal substances. 

has been obtained f o r  a surface at more than 2 5 d C  and a cold zone not exceed- 

A t  present, a l i f e  of the  heat shield of 350 sec  

ing  200’~. 

This pmtec t ive  period can be increased readi ly  by combining various heat 

ba r r i e r s  and by adding endothermal materials superior t o  NH,,Cl. 

can be fu r the r  perfected by using microporous chamottes which might r e s u l t  i n  

dens i t ies  of the  order of 0.8 gm/cm” . T h i s  l a t t e r  l ightening simultaneously 

w i l l  permit a reduction i n  the weight of the necessary coating and i n  i t s  thick 

ness f o r  a given protection period. 

graphite,  TiN) of high qual i ty  w i l l  contribute t o  an improvement i n  the Rechani 

cal properties. 

The l ightening 

Finally, the  use of whiskers (Si&, Z e ,  

IV. GENERAL coNcLusIoNs 

The above review has defined the  progress  obtained i n  the  f i e l d  of manu- 

s 

factur ing ceramic materials and t h e i r  possible applications i n  space technology. 

The basic  properties of such materials a r e  as follows: 

High fusion point. 

Mreme  hardness combined w i t h  an  excessive but surmountable f r a g i l i t y .  

Good o r  poor heat transfer. 
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It is the  wide range of available ceramics that i s  responsible f o r  t h e  

d i v e r s i t y  of t he  frequently contradictory properties. I n  addition, t h e  develop 

men* of composite materials on a ceramic base has made it possible t o  obtain thl 

following characteristics : 

Greater resistance to t h e m 1  shock. 

Reduction of the heat t ransfer ,  compred t o  conventional ceramics. 

Reduction i n  density without loss  i n  mechanical strength. 

L 2 

The possible application f i e l d s  f o r  ceramics i n  space s t ructures  include 

t h e  f o llowing : 

re-entry cones ; 

leading edges f o r  ailerons; 

convergent sect ion of ducts; 

protection of the  divergent section of ducts; 

ba r r i e r  zones between duct throat  and adjacent s t ruc ture  ; 

mechanical parts,  required t o  withstand high temperatures, s t rong abra- 

sion, and corrosive environment. 

From the  time that ceramic mterials no longer were res t r ic ted  t o  products 

on a clay base u n t i l  today, there has been considerable progress i n  t h e i r  manu- 

facture  and development, permitting numerous applications i n  all advanced tech- 

no l o  gies . 
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APPENDIX E 

Legend f o r  t he  various i l lus t ra t ions  of the  Paper presented by Schmitt. 

Fig.1 - Spechen of Composite Material during Tests i n  a Plasma Blow- 

torch 

Fig.2 - Curves f o r  the Effective Protection Period of a Composite Ma- 

ter ia l ,  as a Function of  t he  Concentration i n  Refractory A l u m i n a  

and Zirconium Pel le t s  

Fig.3 - Curves f o r  the Effective Protection Period of a Composite Ma- 

teria1,as a F'unction of t h e  Concentration i n  Mineral and Organic 

Pe l le t s  

F i g 4  - Curves f o r  the  Effective Protection Period of a Composite I%- 

t e r i a l ,  as a Function of t he  Concentration i n  S i l i ca  Fibers In- 

corporated in to  A l d n a  and Zirconium Matrices 

Fig.5 - Curves f o r  the Effective Protection Period of a Composite Ma- 

t e r ia l ,  as a Function of t he  N H, C1 and Phenolic Resin Content 

Fig.6 - Aluminum Sheet Exposed t o  a Plasma Flame i n  the  Unprotected and 

Protected Zone 
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